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“Nothing in life is to be feared, it is only to be understood.  
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aa# # # # amino#acid#
Ab# # # # Antibody#
APC# # # # Allophycocyanine#
APCs# # # # Antigen#Presenting#Cells#
APC6Cy7# # # Allophycocyanine6Cyanine#dye#7#
APL# # # # Altered#Peptide#Ligand#
A700# # # # Alexa#Fluor#700#
BB#rat# # # # Bio6Breeding#Rat#
BHI# # # # Brain#Heart#Infusion#
CD# # # # Cluster#of#Differentiation#antigen#
CFU# # # # Colony#Forming#Units#
cTEC# # # # cortical#Thymic#Epithelial#Cell#
CTL# # # # Cytotoxic#T#Lymphocyte#
DC# # # # Dendritic#Cell#
DMEM## # # Dulbecco’s#modified#eagle#medium#
DNA# # # # Deoxyribonucleic#Acid#
DP# # # # Double#Positive#(CD4+CD8+)#
FACS# # # # Fluorescence#Activated#Cell#Sorting#
FCS# # # # Fetal#Calf#Serum#
FITC# # # # Fluorescein#isothiocyanate#
ITAM# # # # Immunoreceptor#Tyrosine#Activation#Motif#
KD## # # # Dissociation#Constant#
mAb# # # # monoclonal#Antibody#
MFI# # # # Mean#Fluorescence#Intensity#
mTEC# # # # medullary#Thymic#Epithelial#Cell#
NOD# # # # Non6Obese#Diabetic#Mouse#
PAMPs## # # Pathogen#associated6molecular#patterns#
PBS# # # # Phosphate#Buffered#Saline#
PCR# # # # Polymerase#Chain#Reaction#
PE# # # # Phycoerythrin#
PE6Cy7# # # # Phycoerythrin6Cyanine#dye#7#
PerCP# # # # Peridinine#Chlorophyll#Protein#
pMHC# # # # peptide/Major#Histocompatibility#Complex#
RAGs# # # # Recombination6activation#genes#
RT# # # # Room#Temperature#
RPMI# # # # Roswell#Park#Memorial#Institute#1640#Medium#
PRR# # # # Pattern#Recognition#Receptor#
SA# # # # Streptavidin#
SP# # # # Single#Positive#(CD4+#or#CD8+)#
TCR# # # # T#Cell#Receptor#
Tcra# # # # T#cell#receptor#α#locus#
Tcrb# # # # T#cell#receptor#β#locus#
tg# # # # transgenic#
TLR# # # # Toll#like#receptor#
T1D# # # # Type#1#Diabetes#(Autoimmune#Diabetes)#
OD# # # # Optical#Density#" "
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Summary!"
T# cell# receptor# affinity# for# self6peptide/MHC# ligand# has# a# well# established# role# in#
thymic#selection.#Above#a#certain#affinity#threshold#(KD#≤#6#μM)#a#developing#CD8+#T#
cell#is#negatively#selected,#while#below#this#threshold#it#is#positively#selected,#and#no#






in# both# the# pancreas# and# the# thymus.# Diabetes# can# be# induced# in# RIP6OVA# mice#
following# adoptive# transfer# of# OVA6specific# CD8+# T# cells# (OT6I# T# cells)# and#
immunization#with#OVA#peptide#and#lipopolysaccharide#(LPS).#To#determine#the#role#
of# TCR# affinity# in# diabetes# induction,# mice# were# immunized# with# OVA# peptide#
variants#that#span#the#threshold#between#positive#and#negative#selection.#Only#mice#
receiving#high#affinity#peptides#(above#the#threshold#for#inducing#negative#selection)#
were# able# to# induce# diabetes.# These# findings# were# confirmed# by# histology# which#
revealed# highly# infiltrated# pancreatic# islets# only# in# mice# immunized# with# above#
threshold# ligand.# In# addition,# higher# affinity# ligands# induced# stronger# proliferation,#
activation# marker# upregulation# and# MAP# kinase# activation.# Increasing# the#
immunization# dose# of# below# threshold# ligand#was# not# sufficient# to# induce# disease#
although# additional# experiments# confirmed# that# below# threshold# activated# T# cells#
were#not# anergic.# These# findings# indicate# that# the# affinity# threshold# established# in#
the# thymus# is# maintained# in# the# periphery.# In# addition,# we# identified# asymmetric#
division#as#a#mechanistic#link#between#TCR#affinity#and#the#induction#of#autoimmune#
pathology.# T# cell# priming#with# above6threshold# ligand# promotes# sustained# contact#




upregulation# of# VLA64,# an# integrin# important# for# infiltration# into# target# tissue.# In#
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contrast,# T# cells# activated# by# below6threshold# antigens# underwent# symmetric#





of#negative#selection# in#the#thymus;#2)# the#priming#of#a#pathologic#T#cell# response;#
and#3)#the#ability#of#a#T#cell#to#destroy#self6antigen#expressing#target#cells.#To#address#
these#questions# I#made#use#of# newly# generated# transgenic#mouse# lines# expressing#
OVA6variant# proteins# with# altered# affinities# for# the# OT6I# TCR# under# the# rat# insulin#
promoter#(RIP6variant#mice).#
To#assess#the#efficiency#of#negative#selection#in#RIP6variant#mice,#I#crossed#them#with#
OT6I# TCR# transgenic# mice.# All# double# transgenic# mice# developed# severe# diabetes#
early#after#birth,#suggesting#that#there#were#too#many#OT6I#T#cells#in#this#system.#As#
an# alternative# approach,# I# generated# radiation# bone# marrow# chimeras# (further#
addressed#below).#
To# assess# the# role# of# TCR# affinity# in# the# priming# of# a# pathologic# T# cell# response,# I#
needed#a#model#in#which#the#affinity#for#priming#is#variable.#I#adoptively#transferred#
OT6I# T# cells# into# RIP6variant# transgenic#mice# followed#with# Listeria(monocytogenes#






antigen# affinity# of# the# target# tissue# is# variable.# OT6I# T# cells# were# adoptively#
transferred# into# RIP6OVA# variant#mice# and# challenged#with# Lm6OVA.# Diabetes#was#
strongly#induced#in#mice#expressing#both#high#affinity#and#threshold#antigens#in#the#
pancreas.# In# contrast,# mice# expressing# below# threshold# ligand# remained# diabetes#
free# even# after# high# numbers# of# OT6I# T# cells# were# transferred# (107).# These# data#
indicate# that# threshold# and# below# threshold# target# cells# comprise# a# low# risk# for#
autoimmunity.#
8"
Since# it# was# not# possible# to# study# T# cell# tolerance# by# breeding# double# transgenic#
mice,#I#generated#mixed#bone#marrow#chimeras.#Lethally#irradiated#RIP6OVA#and#RIP6
OVA#variant#mice#were# reconstituted#with# a#mixture#of#OT6I# and#B6#bone#marrow#
cells.#These#mice#could#be# further#used#to#determine#the#role#of#antigen#affinity# in#
negative#selection,#peripheral#T#cell#priming#and#the#ability#of#a#T#cell#to#lyse#target#
cells.# The# results# of# these# studies# demonstrated# that# the# efficiency# of# negative#
selection#in(vivo#dramatically#increases#with#above#threshold#self6antigens,#such#that#
fewer# OT6I# T# cells# survive# negative# selection# in# RIP6variant# mice# expressing# high#
affinity#antigen.#By# further#challenging#these#mice#with#self6antigen/LPS,# I#was#able#
to#investigate#whether#OT6I#T#cells#that#survived#negative#selection#were#capable#of#
inducing# diabetes.# Mice# expressing# antigens# just# above# the# negative# selection#
threshold# exhibited# the# highest# risk# of# developing# experimental# autoimmune#
diabetes# upon# immunization# with# the# corresponding# peptide# self6antigen.# In#
contrast,# mice# expressing# the# cognate# antigen# for# OT6I# (OVA)# (and# the# lowest# of#













The# immune# system# is# composed#of# the# innate# and# adaptive# (acquired)# immunity.#
The# innate# immune# response# acts# early,# it# can# distinguish# self# from# non6self# in# a#
limited#way.#The#innate#immune#system#is#composed#of#soluble#factors#(complement#
system)# and# cells# of# the# innate# immune# system# expressing# pattern6recognition#
receptors#(PRRs)#that#recognize#common#features#of#pathogens,#so#called#pathogen6
associated6molecular# patterns# (PAMPs).# In# most# cases,# phagocytic# cells#
(macrophages,# dendritic# cells)# that# reside# in# the# tissues# internalize# invading#
pathogens.#
Individual# cells# of# the# adaptive# immune# system# can# specifically# recognize#
pathogens# by# antigen# specific# receptors.# It# can# eliminate# those# pathogens# that#
overcome# innate# immunity,# and# it# has# the# ability# to# provide# enhanced# protection#
against#reinfection#(immunological#memory).#The#two#main#lymphocytes#of#adaptive#
immunity#are#B#cells,#which#develop#in#the#bone#marrow#and#T#cells,#which#develop#
in# the# thymus# (see# chapter# 3).# B# cells# secrete# antibodies# that# kill# extracellular#
pathogens# (humoral# response),# whereas# T# cells# are# specialized# to# kill# intracellular#




receptor# gene# segments# and# the# pairing# of# distinct# variable# chains.# This# process#
generates# a# self6tolerant# T# cell# and# a# B# cell# repertoire# with# specificities# against#
virtually# all# pathogens.# The# interplay# between# innate# and# adaptive# immunity# is#
important,#because#components#of#innate#immunity#provide#instruction#that#enables#






The# T# cell# receptor# (TCR)# complex# is# generated# during# T# cell# development# in# the#
thymus#and#TCR#signaling#is#crucial#for#the#induction#of#self6tolerance#and#later#for#T#
cell#activation#in#the#periphery.#The#TCR#complex#is#made#up#of#variable#proteins#for#
antigen6recognition# and# invariant# proteins# for# signaling.# The# part# in# charge# of#
antigen6recognition#consists#of#two#transmembrane#glycoprotein#chains,#an#α6#and#a#
β6chain,# each# containing# a# conserved# and# a# variable# region.# The# two# TCR# chains#
make#a#non6covalent#association#with#a#group#of#invariant#proteins#(CD3#γ,#δ,#ε#and#
TCR#ζ).#TCR#ζ#and#the#intracellular#domains#of#CD3#contain#ITAMS#(immunoreceptor#
tyrosine6based# activation# motifs),# which# are# responsible# for# intracellular# signaling#
(van#Oers,#1999).#
Upon#engagement#of#TCR#with#peptide#MHC#complex#(pMHC)#on#an#APC,#the#co6
receptor# (CD8# or# CD4)# stabilizes# the# binding# between# TCR# and# pMHC.# The# first#
molecule#to#be#recruited#to#the#TCR6CD3#complex#is#LCK#(a#member#of#the#SRC#family#
kinase),# which# coupled# to# the# co6receptor# and# comes# into# close# proximity# to#
phosphorylate#the#immunoreceptor#tyrosine6based#activation#motifs#(ITAMs)#located#
on#the#CD3#6γ,#6δ,#6ε#and#6ζ#chains#(Fig.1).#Phosphorylation#of#the#ITAMS#enables#the#
recruitment# of# ZAP70# (ζ6chain# associated# protein# kinase# of# 70# kDa),# its#
phosphorylation# by# Lck# and# its# activation.# Activation# of# ZAP70# leads# to# the#
phosphorylation#of# four# key# tyrosine# residues#of# the# linker# for# activation#of# T# cells#
(LAT).#This#recruits#numerous#signaling#molecules#forming#the#multiprotein#complex#
termed# the# LAT# signalosome.# Important# molecules# that# form# this# complex# are#
phospholipase# Cγ1# (PLCγ1),# interleukin626inducible# T# cell# kinase# (ITK),#NCK1,# VAV1.#
The#growth# factor# receptor6bound#protein#2# (GRB2),#GRB26related#adaptor#protein#
GADS,# SLP76# (SH2# domain6containing# leukocyte# protein# of# 76# kDa),# and# the#
adhesion6# and# degranulation6promoting# adaptor# protein# (ADAP).# The# LAT#
signalosome# propagates# signals# that# can# activate# three# major# signaling# pathways:#
The# Ca2+,# the#mitogen6activated# protein# kinase# (MAPK),# and# the# nuclear# factor6κB#
(NF6κB)# signaling# pathway.# The# result# of# these# pathways# is# the# mobilization# of#
transcription# factors# that# are# critical# for# gene# expression# and# essential# for# T# cell#
growth# and# differentiation.# Signals# propagated# from# the# TCR# also# result# in# actin#
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interaction# with# Notch1# receptor,# which# is# expressed# in# the# thymus,# thymic#
emigrants#commit#to#the#T#cell#lineage#(Wendorff#et#al.,#2010).#T#cell#differentiation#is#












In# this# thesis# the# development# of# αβ6# T# cells# is# discussed.# A# discussion# of# the#
development#of#regulatory#T#cells#and#γδ6T#cells#is#beyond#the#scope#of#this#work.##
In#Fig.2#the#movement#of#T#cell#progenitors#(purple#circles)#trough#the#thymus#is#
shown.#T#cell#precursors# from#the#bone#marrow#continually# seed# the# thymus,# they#
enter# trough# blood# vessels# near# the# cortico6medullary# junction.# The# thymus# is#
composed#of#endothelial#cells#that#form#an# inner#part# (medulla)#and#an#outer#part,#
the# cortex.# Most# steps# of# T# cell# development# take# place# in# the# cortex,# whereas#








(RAGs)# which# enables# them# to# undergo# VDJ# (variable,# diverse,# and# joining)# gene#
segment# rearrangements# at# the# T# cell# receptor# (TCR)# β6chain# locus.# First,# Dβ# gene#
segments#rearrange#to#Jβ#gene#segments#(this#happens#from#the#DN1#to#DN2#stage),#
which# is# followed# by# Vβ# gene# segments# rearranging# to# the# rearranged# DJβ# gene#
segments#at#the#transition#from#the#DN2#to#DN3#stage.#Thymocytes#that#fail#to#make#








At# the# transition# from# DN4# to# DP# stages,# thymocytes# undergo# rigorous# clonal#
expansion.#After#some#rounds#of#division,#proliferation#stops#and#thymocytes#start#to#
rearrange# the# genes# at# the# locus# encoding# the# TCR# α6chain.# The# α6chain# TCR#
14"
rearrangement# chooses# from# around# 70# V6# and# 61# J# segments# for# recombination#
(Rowen#et#al.,#1996).#There#can#be#successive#rearrangements#of# the#T#cell#α6chain#
and#it#does#not#stop#until#positive#selection#or#cell#death#intervenes.#





DP# cells# (around# 90%)# do# not# recognize# self6peptide/MHC# with# their# TCR,# they#
receive# no# survival# signal# and# die# by# neglect.# Around# 5%# of# DP# thymocytes#
successfully# generate# a# self6tolerant# TCR# and# proceed# to# the# Single# Positive# state#
(SP),#undergoing#CD4#or#CD8#lineage#commitment,#before#they#are#released#into#the#
periphery#(Palmer,#2003).#
Thymocytes#need# to#distinguish#between# self# and#non6self# in# order# to# generate#
immunological# tolerance.# Therefore,# positively# selected# SP# cells# migrate# to# the#
medulla#where#self6antigens#are#presented#on#mTECs#and#bone#marrow#derived#DCs#
to# thymocytes# for# their#TCR# functionality#and#self6reactivity.#SP#cells# that#bind#self6
peptide# too# strongly# with# their# TCR# (around# 5%)# are# deleted# from# the# T# cell#
repertoire# by# a# process# called# negative# selection# (see# section# 3.1).# In# summary,#
positive# selection# takes# place# in# the# cortex,# whereas# negative# selection# of# tissue6
restricted# antigens# takes# place# in# the#medulla.# However,# although# thymic#medulla#
provides# a# specialized# environment# for# negative# selection,# it# has# been# shown# that#
negative# selection# on# ubiquitous# self6antigens# can# also# take# place# in# the# cortex#
(McCaughtry#et#al.,#2008).#
The# development# of# a# thymocyte# takes# about# 465# days# (Klein# et# al.,# 2009)# and#
bone#marrow#reconstitution#assays#showed#that#the#generation#of#a#functional#T#cell#






Fig.& 3.& Overview& of& T& cell& developmental& stages,& migration& trough& thymus& and&




Central#Tolerance#ensures# that#T# cells# that#are#potentially# self6reactive#are#deleted#
from# the# T# cell# repertoire.# This# requires# the# expression# of# the# huge# set# of# self6
antigens#of# the#body# in# the#thymus.#Soluble#antigens#are# transported#by# the#blood#
flow#to#the#thymus#whereas#the#delivery#of#tissue6restricted#antigens#(TRAs)#is#not#as#
simple.# Several# cell# types# are# involved# in# the# presentation# of# TRAs,# bone#marrow#
derived#dendritic#cells,#cortical# thymic#epithelial#cells# (cTECs)#and#medullary# thymic#
epithelial# cells# (mTECs).# The# protein# AIRE# is# highly# active# in#mTECs# and# drives# the#
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ectopic# expression# of# TRAs# (Anderson# et# al.,# 2002),# thus# generating# perfect#
conditions# for# negative# selection# in# the# medulla.# The# importance# of# Aire# is#
underlined# by# the# induction# of#multi6organ# autoimmune# disease# in# humans# when#
Aire6deficient#mTECs#have#reduced#levels#of#TRAs#on#their#surface#(Anderson#et#al.,#
2002;#Taniguchi#et#al.,#2012).#
The# underlying# mechanism# that# promotes# the# survival# of# a# T# cell# (positive#
selection)# or# apoptosis# of# self6reactive# T# cells# (negative# selection)# is# dependent#on#
the#binding#strength#(affinity)#between#a#TCR#for#self6peptide/MHC#complex#(Fig.4a)#
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#
Fig.& 4.( Thymic& selection& depends& on& the& TCR’s& affinity& for& selfIpeptide& MHC&
complexes.&&
a)"Most"developing"thymocytes"express"a"TCR"which"does"not"bind"to"selfUpeptide"MHC"complexes"and"therefore"do"not"receive"a"survival"signal"and"die"by"neglect"(grey)."LowUaffinity" binding" of" TCR" with" selfUpeptide" MHC" induces" survival" and" differentiation"(known" as" positive" selection)." Positively" Selected" thymocytes" are" released" in" the"periphery"(blue)."HighUaffinity"binding"of"TCR"with"selfUpeptide"MHC"induces"apoptosis,"a"process"which"is"known"as"negative"selection"(red).""




reactive# T# cell# binds# with# high# affinity# to# self6peptide/MHC# and# gets# negatively#
selected.#Studies#with#three#MHC6I#restricted#transgenic#TCR#lines#defined#an#affinity#
threshold#for#the#binding#of#TCR#to#self6peptide/MHC#at#a#KD#≤#6#µM#where#negative#
selection# is# initiated# (Daniels# et# al.,# 2006;# Naeher# et# al.,# 2007).# MHC6I# restricted#
thymocytes#binding#self6antigens#with#a#lower#affinity#(KD#>#6#µM)#undergo#positive#
selection.##




negative# selection# indicates# that# the# TCR# has# an# astonishing# precision# in# reading#
antigen#affinity#and#a#remarkable#flexibility#in#signaling#divergent#thymocyte#fates.#
Two# models# have# been# proposed# to# describe# how# this# differential# signaling#







measures#how# long#an#antigen# interacts#with#a#TCR#(half# life);# low#affinity#antigens#
have# short# TCR# interactions,# leading# to# a# weak# signal,# whereas# higher# affinity#
antigens#have#longer#interactions#with#the#TCR#and#initiate#a#strong#signal#(Daniels#et#
al.,# 2006;# Goldstein# et# al.,# 2004;# McKeithan,# 1995).# Indeed,# experiments# that# are#
used# to#measure# affinity# (see# section#3.3)# illustrate# the# correlation# among#peptide#








In# both# positive# and# negative# selection,#molecules# of# the#MAPK# pathways# (p38#
and# JNK)# are# involved.# The# difference# between# positive# and# negative# selection#
signaling#seems#to#be#a#matter#of#kinetics#and#location!of#the#intracellular#signaling#






(compared# to# positive6selecting# ligands),# yet# they# activate# ERK# only# briefly.#
Furthermore,# Daniels# et# al.# found# that# a# negative# selecting# ligand# (Q4R7)# of# pre6
selection#OT6I# double6positive# thymocytes# induced#more# rapidly# and#quantitatively#
higher#Ca2+#flux#compared#to#the#positive#selecting#ligand#Q4H7#(Daniels#et#al.,#2006).#
Daniels#and#al.#further#showed#that#above#threshold#antigens#induced#a#strong#early#
peak# in# LAT,# p236# zeta,# and# ZAP670# phosphorylation,# whereas# below# threshold#
antigens# induced# weak# phosphorylation# of# these# molecules# and# the# peaks# were#
delayed.# Sometimes,# these#differences#are# very# small# and# the#question#arises#how#
thymocytes# can# read# such# small# changes.# The# spatial# compartmentalization# of# key#
molecules# helps# thymocytes# to# choose# between# negative# or# positive# selection;#
Strong# interaction# between# pMHC# and# TCR# leads# to# the# localization# of#
phosphorylated# ZAP670# and# LAT# at# the# cell# membrane,# where# it# results# in# the#
activation#of#the#ERK#signaling#cascade.#In#contrast#to#that,#below#threshold#antigens#
are# weak# recruiters# of# these# signaling# molecules# at# the# plasma# membrane,# most#
molecules# remain# in# the# cell# plasma,# resulting# in# weaker# and# delayed# signaling#
(Daniels#et#al.,#2006).#
In# summary,# positive# and# negative# selection# share# many# signaling# molecules.#
Nevertheless,# the# completely# different# outcome# (survival# in# positive# selection# and#
apoptosis# in# negative# selection)# probably# comes# from# the# order# of# activation# and#
localization# of# signaling#molecules,# this# determines#which# transcription# factors# are#
triggered# and# this# ultimately# controls# the# selection# outcome.# Finally,# how# the# TCR#
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regulates#the#same#molecules#distinctly#in#positive#vs.#negative#selection#remains#an#













kinetic# aspects# of#monomeric# interactions# between# two#molecules,# i.e.# TCR/pMHC#
affinity,#on6#and#off6rates,#and#half6life#times#of#the#complex.#These#parameters#can#
be#measured#by#surface#plasmon#resonance#(SPR,#BiaCore).#(
The# main# components# of# this# system# are# a# sensor# chip# with# gold# film,# a# flow#
channel,#a# light#source#and#a#detection#system.#One#of#the# interacting#molecules# is#
immobilized#onto#the#sensor#surface#(i.e.#pMHC#molecule)#and#the#second#molecule#
is# in# solution# (i.e.# TCR)# (Axelrod# and# Omann,# 2006).# However,# SPR# is# unable# to#
resolve#the#contribution#of#the#coreceptor#(Garcia#et#al.,#1996).#
The# photoaffinity# labeling# system# overcomes# the# limits# of# SPR# (Luescher# et# al.,#
1994).#For#this#method,#pMHC#that#carries#a#photoreactive#azidobenzoic#acid#(ABA),#
which# is# linked#to#an#amino#acid# in# the#peptide,#can#be#used# (Naeher#et#al.,#2007).#
After# specific# binding# of# pMHC# monomers# to# the# corresponding# T# cell,#
photoactivation#of# the#ABA#group#results# in#cross6linking#of#pMHC#to# the#TCR.#This#
allows# quantitative# analysis# of# pMHC# monomer# binding# (Cebecauer# et# al.,# 2005;#
Hudrisier#et#al.,#1998;#Kessler#et#al.,#1997;#Naeher#et#al.,#2007).#
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Another#method# to#assess# the#physical# strength#of#TCR#and#pMHC# is# the#use#of#
soluble#pMHC#tetramers#(Altman#et#al.,#1996;#Wang#and#Altman,#2003).#Using#FACS,#
quantitative#analysis#of#tetramer#binding,#the#off#rate,#and#half6life#can#be#assessed#
by# measuring# mean# fluorescence# intensity# (MFI)# of# the# pMHC# tetramers# that#
dissociate#from#the#TCR#over#time.#
#
There# are# other# factors# besides# physical# parameters# that# influence# the# binding#
strength# between# TCR# and#pMHC;# or# signals# received# over# the# TCR# can# translated#
differently#into#a#cellular#response#(Fahmy#et#al.,#2001;#Slifka#and#Whitton,#2001).#In#
this#setup,#T#cell#responses#are#measured#when#different#amounts#of#pMHC#ligands#
are# present.# This# measurement# is# usually# referred# to# as# functional# avidity,# the#
readout# usually# is# cytokine# production# (i.e.# IFN6γ# production).# Of# note,# functional#
avidity# measurements# correlate# well# in# most# cases# with# the# physical# parameters#
(Zehn#et#al.,#2012).#
Most# TCR6pMHC# binding# kinetic# studies# have# been# analyzed# three6dimensionally#
(3D)# in# solution.# Since# close# contact#between#TCR#and#APC# is# required# to# trigger# a#
signal,#where#TCR#and#pMHC#are#anchored#on#the#membranes#of#the#apposing#cells,#
this# contact# is# of# two6dimensional# (2D)# nature.# Compared# to# 3D#measurements# in#
solution,# 2D# data# have# faster# kinetics# and# higher# affinities,# as# a# result# of# a# large#
(about#1006fold)# increase# in# the#association# rate.#Furthermore,# the#off# rate# (koff)#of#
the#pMHC# to# the#TCR#was#also# increased,#but#not# as#much#as# the#association# rate#
(kon)# (Huang# et# al.,# 2010;# Huppa# et# al.,# 2010).# This# suggests# that# T# cells# use# rapid#









Central# tolerance# is# imperfect,# and# some# self6reactive# T# cells# enter# the# periphery.#
Nevertheless,#autoimmune#diseases#are#rare,#indicating#that#additional#mechanisms#













resulted# in# priming# of# GP6specific# CD8# T# cells,# whereas# multiple# immunizations#




the# transcription# factor# FoxP3.# TRegs# have# been# shown# to# play# key# roles# in# the#
maintenance#of#self6tolerance#and#negative#control#of#a#variety#of#physiological#and#
pathological#immune#responses.#The#depletion#of#the#regulatory#T#cell#compartment#




















presented# by# an# APC.# The# second# signal# is# delivered# via# co6stimulatory#molecules#
located# on# APCs,# which# ensures# an# effective# immune# response.# Known# co6
stimulatory# molecules# that# interact# with# their# counterparts# on# T# cells# are# CD406
CD40L#and#CD80,866CD28.#
The#early#activation#marker#CD69#is#a#type#II#transmembrane#glycoprotein#with#a#
C6type# lectin#binding#domain#and# its#expression# is# rapidly# induced#upon#priming#of#
naïve# T# cells.# Although# a# specific# ligand# for# CD69#has# not# been# identified,# its#wide#
distribution# on# T# cells# and# its’# capacity# of# inducing# intracellular# signals# made# it# a#
reliable#marker#for#early#T#cell#activation.#
Upon#activation,#T#cells# start# to#proliferate.#They# receive# the#proliferation#signal#












with# LFA61# on# the# T# cell.# This# binding# allows# the# T# cell# to# scan# the# surface# of# the#
target#cell#for#the#presence#of#specific#pMHC#complex.#Specific#signaling#trough#the#
TCR#prolonges# the#binding,# leading# to#a# stable# interaction# for# initiating# lysis#of# the#
target#cell.#Cytotoxic#T#cells#contain#specialized#lysosomes#called#lytic#granules.#When#




It# remains#unclear#how#the# immune#response#balances# the#generation#of#cytotoxic#
CD8#T#cells# (CTLs).#Under#certain#conditions,#many#self6reactive#CTLs#are#generated#
which# can# induce# autoimmune# diseases.# This# implicates# that# division# must# be#
asymmetric# in#order#to#confer#disparate#fates#of#the#daughter#cells.#Several#studies#
reported#that#T#cells#undergo#asymmetric#T#cell#division#and#that#this#form#of#cell#fate#
choice# is# used# to# generate# CD8#memory# T# cells# (Chang# et# al.,# 2007;# Oliaro# et# al.,#
2010).#










Transgenic#mouse#models# became# important# tools# to# study# autoimmune#diseases.#
Most# studies# about# autoimmune# diabetes# (type# 1# diabetes,# T1D)#were# performed#
with#rodents#that#develop#a#spontaneous#T1D,#the#bio6breeding#(BB)#rat#and#the#non6






decarboxylase# (GAD)# (Baekkeskov# et# al.,# 1990),# the# tyrosine# phosphatase# (IA62)#
(Atkinson#and#Maclaren,#1993;#Kawasaki#et#al.,#1996;#Payton#et#al.,#1995),#the#islet6
specific# glucose666phosphatase# catalytic# subunit6related# protein# (IGRP)# (Lieberman#
et# al.,# 2003;# Mukherjee# et# al.,# 2005),# and# the# more# recently# described# zinc#
transporter#ZnT8#(Wenzlau#et#al.,#2010).##
In# studies#with#NOD#mice,#CD3#antibodies# lead# to# remission#of# the#disease.#The#
underlying#mechanism#is#the#induction#of#apoptosis# in#effector#T#cells,#whereas#the#
suppressive# effect# of# Tregs# is#maintained# or# even# increased# (Belghith# et# al.,# 2003;#
Chatenoud,#2010;#Chatenoud#et#al.,#1997;#Chatenoud#et#al.,#1994)#
Other# mouse# models# were# designed,# where# autoimmune# diabetes# was# not#
spontaneous,#but#induced.#Therefore,#an#antigen#is#cloned#under#the#tissue#specific#
rat# insulin#promoter# (RIP)# into#the#pancreatic#β6cells#of#a#mouse,#which# is#normally#
not# expressed# by# these# cells.# This# “neo6self# antigen”# is# accepted# as# self# from# the#
immune# system.# Upon# the# adoptive# transfer# of# transgenic# T# cells# expressing# the#
specific# TCR# for# the# neo6self6antigen,# they# get# activated# and# destroy# insulin#
producing# β# cells,# the# hallmark# of# autoimmune# diabetes.# This# principle# is# used# to#
generate# several#mouse#models# for# induced# diabetes,# i.e.# RIP6gp33# (immunogenic#
peptide# of# LCMV)# (Ohashi,# 1991)# and# RIP6mOVA# (immunogenic# peptide# found# in#
chicken#egg).#
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The# RIP6mOVA#mouse#was# generated# in# the# lab# of#William# Heath# (Kurts# et# al.,#




CD4+# T# cells# (OT6II)# was# able# to# induce# T1D# when# low# numbers# of# OT6Is# were#
transferred,#that#are#usually#not#enough#to#elicit#disease#(Kurts#et#al.,#1997).#Since#we#
use# lower# OT6I# concentrations# in# our# studies,# this# likely# explains# why# we# have# to#
immunize# with# OVA# peptide# and# an# inflammatory# stimulus# like# LPS# or# Listeria# to#
induce#T1D.#
In# contrast# to# the# spontaneous# T1D#models,# T1D# in# neo6self# antigen# transgenic#
mice# is# induced# by# T# cells# with# a# single# TCR# specificity# and# is# thus# a# monoclonal#
system#(Haskins#and#McDuffie,#1990;#Katz#et#al.,#1993;#Verdaguer#et#al.,#1997;#Wong#
et#al.,#1996).#In#our#studies#we#use#the#RIP6mOVA#model#and#we#are#aware#that#this#
is# an# artificial# system# to# study# autoimmune# diabetes.# Several# years# ago# our#






Currently,# T1D# in# humans# is# treated#by# insulin# injection# that# is# accompanied#by#
the#regular#surveillance#of#blood#glucose#(self6measurements#by#patients).#Although#
insulin# treatment# allows# patients# to# have# a# virtually# normal# lifestyle# and# life# span,#




and# Chatenoud# (Bach# and# Chatenoud,# 2011).# It# is# important# to# mention# that#




immune# response,# but# they# do# not# restore# self6tolerance# (Orban# et# al.,# 2011;#
Pescovitz#et#al.,#2009).#The#same#results#were#obtained#with#the#immune#suppressive#







al.,# 2009).# For# obvious# reasons,# long6term# complications# linked# to# chronic# insulin#









T# cells# (both# Vα2,# Vβ5# TCR# chain)# are# specific# for# OVA.# OT6I# T# cells# are# CD8+# and#
recognize#the#8#amino#acid#(aa)#long#OVA#epitope#SIINFEKL2576264#presented#on#MHC#
class#I#(Kb).#CD4+#OT6II#T#cells#are#MHC#class#II#restricted#and#are#specific#for#the#12#aa#
epitope# OVA3236339.# Altered# peptide# ligands# of# OVA# (APLs)# are# OVA# variants# with#
variable# affinity.# They# were# generated# by# exchanging# aa’s# within# the# SIINFEKL#
epitope#and#specifically#induce#positive#or#negative#selection#in#OT6I#T#cells#(see#Table#
1).# We# found# the# below6threshold# antigen# Q4H7# (in# blue)# is# inducing# positive#
selection# in# OT6I# thymocytes# and# is# a# weak# activator# of# effector# functions# in#
peripheral#OT6I#T#cells.#T4#(in#grey)#is#the#threshold#antigen#since#it#induces#positive#
or# negative# selection# in# thymocytes# and# can# activate# OT6I# T# cells# in# periphery#
inducing# diabetes# 25%# in# RIP6sOVA# mice# (see# results# part# I).# Q4R7# is# the# above6









features# of# viruses# and# bacteria.# TLR4# recognizes# lipopolysaccharide# (LPS),# a#





Another# approach# to# make# DCs# present# the# peptide# of# interest,# is# to# infect# a#




Listeria( monocytogenes( is# a# gram6positive# bacterium# and# it# can# escape# the#
phagolysosome#of#phagocytic#cells#and#spreads#from#cell#to#cell#without#exposure#to#
the#extracellular#milieu#(Pizarro6Cerda#et#al.,#2012).#Therefore,#the#host#reacts#with#a#
complex# interplay#between#the#elements#of# innate#and#adaptive# immunity# (Pamer,#
2004).# In# the# initial# phase# of# infection,# cells# of# the# innate# immune# response# like#
neutrophils,#macrophages#and#NK#cells#control#bacterial#growth#(Carr#et#al.,#2011;#Yin#
and#Ferguson,#2009).#At#a#later#stage#of#infection,#there#is#substantial#evidence#that#
CD8# T# cells# are# crucial# to# clear# the# infection# and# to# protect# from# reinfection#with#
Listeria(monocytogenes# (Cook#et#al.,#1999;#Strehl#et#al.,#2006).#We#and#others#have#
shown# that# Listeria(monocytogenes# is# not# able# to# activate# transgenic# T# cells# in# an#
unspecific# way# to# induce# experimental# autoimmune# diabetes# (Zehn# and# Bevan,#
2006).# In# the# laboratory,# the#bacterium# is# relatively# easy# to# genetically#manipulate#
and#to#grow.#For#our#studies,#we#introduced#the#OVA#variants#(APLs)#into#the#DNA#of#
Listeria# (Lm6Q4H7,# Lm6T4,# Lm6Q4R7# and# Lm6OVA)# and# used# it# as# a# tool# for#
29"









Reagent# # # # # Company,!Country!
Anti6Biotin#MicroBeads# # # (Miltenyi,#Germany)#
Avidin/Biotin#Blocking#Kit# # # (Vector#laboratories,#UK)#
BHI#Agar## # # # # (Sigma,#Switzerland)#
BHI#Broth## # # # # (Sigma,#Switzerland)#
Cryomold# # # # # (Sakura,#NL)#
Coverslips# # # # # (Menzel,#Germany)#
Cuvets,#semi6micro,#PS# # # (Ratiolab;#Roche,#Switzerland)#
DMEM## # # # # (Gibco,#UK)#
Eosin#(0.2%)# # # # # (Medite,#Germany)#
Erythrocyte#lysis#buffer# # # (BioLegend,#UK)#
FoxP3#staining#kit# # # # (eBioscience,#Austria)#
Heat#inactivated#Foetal#Calf#Serum#(FCS)## (Amimed®,#BioConcept,#Switzerland)#
KCl# # # # # # (Fluka,#Switzerland)#
KH2PO4## # # # # (Fluka,#Switzerland)##
Live/dead#(fixable)#cell#staining#kit# # (Invitrogen,#UK)#
Low6Tox#Rabbit#Complement## # (Cedarlane,#Canada)#
LPS#(lipopolysaccharide)# # # (Sigma,#Switzerland)#
MACS#Separation#Columns#(LS)# # (Miltenyi,#Germany)#
non6essential#amino#acids# # # (Gibco,#UK)#
Na2HPO4*2H2O## # # # (Sigma,#Switzerland)#
NOPIL# # # # # # (Mepha#Pharma#AG,#Switzerland)#
Objektträger#Thermo#scientific# # (Menzel,#Germany)#
OCT#Embedding#Matrix# # # (Cell#Path,#UK)#
ParPen## # # # # (Cell#Path,#UK)#
RPMI#Medium#1640#(1x)#with#L6Glutamine# (Gibco,#UK)#







Embedding#solution## # # # # Glycerol##
#10%# # # TRIS#Buffer#(0.1M,#pH#7.4)#
#
FACS#buffer# # # # # # PBS#
# # # # #3%# # # FCS#
#
Hybridoma#cell#media## # # # RPMI#
# # # # #10%# # # FCS#
#
NOPIL# # # # # # # Drinking#water#(for#mice)#
# # # # 0.80#mg# # Sulfametoxazolum#
# # # # 0.16#mg# # Trimethoprimum#
#
1xPBS#(pH#7.3)# # 137#mM## # NaCl#
## # # # 8#mM## # # Na2HPO4*2H2O#
## # # # 2.7#mM## # KCl#
## # # # 1.5#mM## # KH2PO4#
#
T#cell#medium### # # # # DMEM##
# # # # 10%## # # FCS#
# # # # 1x# # # non6essential#amino#acids#
# # # # 1#mM# # # sodium#pyruvate#
# # # # 100#U/ml# # penicillin#
# # # # 100#μg/ml# # streptomycin#
# # # # 2#mM# # # L6glutamine#
# # # # 1#mg/ml# # gentamycin#




Antigen! ! ! ! Clone! ! ! ! Provider!
#
Antibodies#for#IHC:#
α6CD8α#(purified)## # # 5366.7# # # # BD#
α6CD45.16biotin# # # A20# # # # BioLegend#
α6swine#Insulin#(guinea#pig)# # # # # # Dako#
#
α6rat#IgG#A647# # # # # # # invitrogen#
SA6A488# # # # # # # # BD#
α6guineapig#IgG#A555## # # # # # invitrogen#
#
Antibody#containing#Hybridoma#supernatant#for#T#cell#depletion#of#bone#marrow#
α6CD4#(rat#IgM)# # # RL172# # # K.#Hafen#&#G.#Holländer#
α6CD8#(rat#IgM)# # # 31M# # # K.#Hafen#&#G.#Holländer#
α6Thy1.1#(rat#IgM)# # # T24# # # K.#Hafen#&#G.#Holländer#
α6Thy1.2#(rat#IgM)# # # HO# # # K.#Hafen#&#G.#Holländer#
#
Antibodies#for#flow#cytometry#analysis:#
CD3ε6APC## # # # 14562C11# # # BD#
CD3ε6biotin# # # # 14562C11# # # BD#
CD46Alexa700## # # RM465## # # BD#
CD46biotin# # # # RM465## # # BD#
CD8α6biotin# # # # 5366.7# # # # BD#
CD8α6PE6Cy7## # # # 5366.7# # # # eBioscience#
CD8β6PerCP#Cy5.5# # # 5365.8# # # # BioLegend#
CD11b6biotin# # # # M1/70## # # BD#
CD11c6biotin# # # # HL3# # # # BD#
purified#CD16/32#antibody## # 2.4G2# # # # BD#
CD446APC# # # # IM7# # # # BioLegend#
CD45.16FITC# # # # A20# # # # BD#
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CD45.16PE# # # # A20# # # # BD#
CD45.26APC6Cy7# # # 104# # # # BD#
CD62L6PE6Cy7### # # MEL614# # # BioLegend#
CD1226FITC# # # # TM6beta1# # # BioLegend#
F4/806biotin# # # # BM8# # # # eBioscience#
FoxP36A647#(APC)# # # 150D# # # # BioLegend#
IFN6γ6PE# # # # XMG1.2# # # BioLegend#
Ly6C/G6biotin# # # # RB668C5# # # BD#

























DIABUR# TEST®# 5000# (ACCU6CHEK®# product,# Roche,# Switzerland)# for# urine# glucose#











Laminar#Flow#Hood# # # # Heraeus#
Multifuge#3#S6R## # # # Heraeus#Holding#GmbH,#Germany#
Table#Top#Centrifuge#5417R# # # Eppendorf#AG,#Germany#




Program! ! Application! ! ! Provider!
!
FlowJo## # FACS#analysis# # # Tree#Star#Inc.,#USA#
Prism# # # Graphs,#calculations# # Graph#Pad#Software#Inc.,#USA#








receptor# (Tfr)#was#previously#described#(Gleeson,# J.#Biol.#Chem.,#1992)# (Teasdale#et#
al.,# 1992).# In# brief,# the# cDNA# of# Transferrin6Receptor6OVA# protein# (TfR6OVA)#





variant& transgenic& mice." The" neoUself" antigen" (OVA" or" OVA" variant)" is" under" the"control" of" the" Rat" Insulin" Promoter" (RIP)." The" introduction" of" the" human" transferrin"receptor"(hTfR)"into"the"construct"ensures"that"OVA"or"OVA"variants"are"anchored"to"the"the"cell"membrane"of"Langerhans"βUcells"in"the"pancreas."
#
Three# different# variants# of# the# short# region# within# the# OVA# cDNA# were# used# to#
generate# RIP6Q4H7# (SIIQFEHL),# RIP6T4# (SIITFEKL),# and# RIP6Q4R7# (SIIQFERL)#
respectively.#This#was#achieved#by#digesting#the#vector#at#the#restriction#sites#Apa#I,#
Not# I#and#Pvu# I,#allowing#a# reliable#purification#of# the#3.2#kB#Apa# I,#Not# I# fragment#
containing# the# TfR6OVA# or# OVA# variant# mutation# aimed# for# injection.# The# 3.2# kB#
fragment# was# injected# into# the# pronucleus# of# fertilized# C57BL/6# zygotes# and#
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H7S7# and# H7S5# express# the# neo6self6antigen# in# the# pancreas# since# double#
transgenic#mice#(crossed#to#OT6I)#exhibit#lethal#diabetes#(see#Results#Part#III,#Fig.#3).#
In#contrast#to#H7S7#mice,#H7S5#mice#exhibited#strongly#diabetes#in#adoptive#transfer#
experiments# with# Lm6OVA# infection# (Results# Part# III,# Fig.# 4).# Therefore,# H7S5# was#
excluded.#
In# the# double# transgenic# breeding# of# OT6I# x# founder# T4S2# we# observed# no#
diabetes# compared# to# the# other# founders# (Results# Part# III,# Fig.# 3).# This# strongly#









1997),# OT6I# TCR# transgenic# mice# recognizing# Kb/Ova2576264,# and# CD4561# congenic#
C57BL/6#mice#were#all#obtained#from#The#Jackson#Laboratory#(Bar#Harbor,#ME).#
Double# transgenic# mice# were# generated# by# crossing# homozygous# OT6I# with#
homozygous#RIP6sOVA,#RIP6mOVA#or#RIP6mOVA#variant#transgenic#mice.# #We#assed#
the#mortality#by#comparing#the#number#of#F1#pubs#born#and#the#number#of#F1#pubs#








Pancreata#were# removed# and# frozen# in# biopsy# holders# (Cryomold®# Biopsy,# Sakura,#
Netherlands)#containing#OCT#compound#(Tissue6Tek®,#Sakura,#Netherlands).#Sections#

















Detection# of# surface# markers# and# intracellular# insulin# was# performed# on# frozen#
tissue#sections#using#specific#antibodies.#First,#pancreas#sections#were#fixed#with#cold#
aceton# (stored# at# 620°C)# for# 567#min,# followed# by# drying# of# the# slides# at# RT.# Since#
there#were#always#three#pancreas#sections#on#one#slide,#a# line#around#the#sections#
with# ParPen# (Cell# Path,# UK)# were# drawn,# allowing# different# stainings# at# the# same#
time.#Slides#were#put#back# into#wash#buffer# for#3min#to#allow#rehydration.#Further#
processing# of# the# slides# were# performed# in# a# wet# chamber# to# prevent# drying.# If#




by# staining# with# primary# antibodies# α6CD8α# (rat),# α6CD45.16biotin,# α6insulin#
(guineapig)#and#incubated#for#1h#at#RT.#After#staining#with#primary#antibodies,#slides#
were#washed#twice#in#wash#buffer#(2x#3min)#with#fresh#changes#of#buffer,#followed#
by# staining# with# secondary# antibodies# (α6rat6A647,# α6guineapig6A555,# SA6488)# for#
30min# at# RT.# To# determine# the# intensity# of# unspecific# background# staining,#
secondary# antibodies# were# incubated# for# 1# hour# at# the# same# concentration# as#






For#T# cell# isolation,#mice#were# sacrificed#and# lymphnodes#of# TCR# transgenic#Rg#KO#
mice# were# dissected# out# and# kept# in# T# cell# media# on# ice# for# further# processing.#
Lymphnode#suspensions#were#obtained#by#disrupting#lymph#nodes#through#a#706μm#
nylon#cell#strainer#(BD).#To#obtain#B#cells,#spleen#from#B6#mice#were#disrupted#in#the#
same#way# and# erythrocyte# lysis#was# performed# for# 1min# at# RT# (BioLegend,#UK).# B#
cells# were# enriched# by# untouched# magnet# beads# isolation.# Therefore,# spleen#
suspension#was# incubated#with#α6F4/806biotin# (eBioscience,#Austria),# α6CD36biotin,#
α6CD46biotin,# α6CD8α6biotin,# α6NK1.16biotin,# ,# α6Gr616biotin,# α6Ly6G/C6biotin,# α6
NK1.16biotin,# α6CD11c6biotin# and# CD11b6biotin# (BD,# Germany),# and# incubated# for#
30min# at# 4°C.# After# a#washing# step,# α6biotin#magnetic# beads#were# added# and# run#
over# a#magnetic# LM# column# according# to# the#manufacturers# instruction# (Miltenyi,#
Germany).#T#and#B#cells#were#washed#with#T#cell#media#prior#cell#counting.#Single#cell#


















Staining# was# performed# in# 966well# plate# (Corning,# Germany)# using# 3x106# cells# per#
well.# Kb6OVA# (SIINFEKL)# tetramers# were# produced# as# previously# described#
(Cebecauer# et# al.,# 2005;# Daniels# et# al.,# 2006).# Unspecific# Fc# receptor# blocking#was#
performed# using# purified# CD16/32# antibody# (BD)# for# 10# min# at# 4°C# in# PBS#
supplemented#with#3%#FCS#(FACS#buffer).#After#that,#cells#were#washed#and#Kb6OVA#
tetramer# staining# was# performed# for# 1h# at# 4°C# in# FACS# buffer.# Additional# surface#
staining#was#performed#(in#the#presence#of#tetramer)#for#30min#at#4°C#in#FACS#buffer#
with# the# following# antibodies:# CD45.16FITC,# CD45.16PE,# CD45.26APC6Cy7,# CD8α6
biotin,#CD46Alexa700,#CD3ε6APC#(all#from#BD)#CD8β6PerCP#Cy5.5,#CD446APC,#CD1226
FITC,# CD62L6PE6Cy7# (all# from# BioLegend)# and# CD8α6PE6Cy7# (eBioscience).# In# a#








intracellular# staining# kit# from# eBioscience# (FoxP3# staining# kit).# In# brief,# cells# were#
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fixed# and# permeabilized# for# 20min# on# ice# followed# by# a# washing# step# with#






For# the#assessment#of#cytotoxic#T# lymphocyte# function# in#vivo,# splenic#B#cells# from#
CD45.1# congenic# mice# were# labeled# with# 5# μM# (CFSEhi)# or# 0.5# μM# (CFSElo)# CFSE.#
CFSEhi# and# CFSElo# cells# were# pulsed# for# 4# hours# at# 37°C# with# 2# μM# OVA# or# VSV#
peptide,# respectively.# Cells#were#mixed# at# a# 1:1# ratio,# and# 107# APCs#were# injected#





Recombinant# Listeria( monocytogenes# (Lm)# expressing# the# full# length# OVA# protein#
containing# the# CD8# epitope# SIINFEKL# (OVA)# or# altered# ligands# Q4R7,# T4,# or# Q4H7#
were#previously#described#(Zehn#et#al.,#2009b).#Frozen#stocks#of#these#strains#were#








deplete# mature# T# cells,# bone# marrow# cells# were# stained# with# anti6CD4,# anti6CD8,#
anti6Thy1.1,# anti6Thy1.2# (were# obtained# from# hybridoma# supernatants,# kindly#
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provided# by# K.# Hafen# and# G.# Holländer)# followed# by# incubation# with# complement#
(Low6Tox6M#Rabbit# Complement,# Cedarlane,# CA)# at# 37°C# for# 45#minutes.# This# step#
was#repeated#for#OT6I#bone#marrow#cells,#using#anti6CD8#antibody#only.#A#70%#:#30%#
mixture#of#B6#and#OT6I#Rag#KO#bone#marrow#cells#(3.5#x#106#total#cells)#were#injected#
i.v.# into# lethally# irradiated# (900# rad)# recipient# mice.# Mice# were# treated# with#
antibiotics#(Nopil,#Mepha#Pharma#AG)#for#approximately#10#wk#after#irradiation.#The#




Urine#glucose#was#assessed#with# test# stripes# from#ACCU6CHEK# (DIABUR6TEST#5000,#
ACCU6CHEK).#Mice#with#sustained#urine#glucose#levels#>1000#mg/dl#were#considered#
diabetic.# Blood# samples# from# the# tail# vain# were# read# on# a# Contour# blood# glucose#





the# data#were# analyzed#with# FlowJo# software# (Tree# Star).# Graphs#were# generated#
with# Prism# (GraphPad# Software).# The# horizontal# line# represents# geometric# mean.#











strongly#autoreactive#T# cells# in# the#periphery.#Nevertheless,# central# tolerance# is#an#
imperfect#process,#which#allows#for#the#escape#of#some#self6reactive#T#cells#into#the#
periphery.# In# the#second#part#of# the#results# I#will#address# the#question#of#how#TCR#
affinity#for#pMHC#impacts#the#efficiency#of#negative#selection.#
In# specific,# I# will# analyze# the# effect# of# antigen# affinity# on# T# cell# priming# and# the#
induction#of#autoimmune#pathology#(results#part#I).#I#would#like#to#understand#if#the#
affinity#threshold#that#was#established#in#the#thymus#is#maintained#in#periphery.#If#it#
is,# I#will# further# explore# the#mechanisms# leading# to# the#maintenance#of#peripheral#
tolerance#in#my#system.#I#would#like#to#clarify#why#below6threshold#antigens#are#poor#
inducers# of# autoimmunity,# whether# below6threshold# antigens# induce# anergy;# and#
how#a#break#in#tolerance#does#occur.#Further#I#would#like#to#understand#how#above6
threshold#ligands#prime#T#cells#to#cause#autoimmune#pathology.#
Using# transgenic# mice# that# express# pancreatic# antigen# with# different# TCR# target#
affinities# (results# part# II),# I# will# also# distinguish# between# the# affinity# necessary# to#
prime# an# autoimmune# response# and# the# affinity# necessary# to# lyse# a# target# auto6
antigen.# In# particular,# I# will# establish# the# critical# number# of# autoreactive# T# cells#





















































































Abstract# # # # # # # # # #
#
T# cell# receptor# affinity# for# self6peptide/MHC# ligand# has# a# well# established# role# in#
thymic# selection# and# in# the# initiation# of# autoimmune# pathology.# We# were#
particularly# interested# to# know# how# the# affinity# of# TCR# for# p/MHC# impacts# the#
efficiency# of# negative# selection,# the# ability# to# prime# an# autoimmune# response# and#
the#ability#of#a#target#cell#expressing#a#self6antigen#to#be#lysed.#
To# address# these# questions,# we# generated# three# new# transgenic# lines# expressing#
OVA6variant#proteins#of#altered#affinities#for#the#OT6I#TCR.#
Adoptive# transfer# experiments# suggest# that# below# and# threshold# antigens# poorly#
prime# autoimmune# responses,# while# above# antigens# are# particularly# efficient.#
Experiments#with#bone#marrow#chimeras#allowed#us#to#determine#the#effect#of#self6
antigen#affinity#on#the#establishment#of#T#cell#tolerance.#Our#results#demonstrate#the#
efficiency#of#negative# selection# in( vivo#dramatically# increases#with#above# threshold#
self6antigens.#However,#mice#expressing#antigens# just#above# the#negative# selection#
threshold# exhibited# the# highest# risk# of# developing# experimental# autoimmune#
diabetes# upon# immunization# with# the# corresponding# peptide# self6antigen.# These#










Introduction# # # # # # # #
#
A#protective#and#self6tolerant#T#cell# repertoire# is#generated# in# the# thymus# (Palmer,#
2003;# Starr# et# al.,# 2003;# Stritesky# et# al.,# 2012).# The# mechanism# that# promotes#
apoptosis# of# self6reactive# T# cells# (negative# selection)# is# dependent# on# the# binding#
strength# (affinity)# between# a# T# cell# receptor# (TCR)# for# self6peptide/MHC# complex#
(pMHC).# In# this#way# central# tolerance# reduces# the# number# of# self6reactive# T# cells,#
minimalizing# the# risk# for#autoimmunity.# (Goldrath#and#Bevan,#1999;#Kisielow#et#al.,#
1988;#von#Boehmer#et#al.,#1989).#
Previous# work# defined# the# affinity# threshold# where# negative# selection# is#
initiated#(Daniels#et#al.,#2006;#Palmer,#2003).#Experiments#using#three#different#MHC#
class# I# restricted# TCR# transgenic# strains# demonstrate# that# thymocytes# undergo#
negative# selection# when# binding# a# self6antigen# with# a# KD# ≤# 6# µM.## MHC# class# I#




remarkable# flexibility# in# signaling# divergent# thymocyte# fates.# Although# central#
tolerance# prevents# most# autoimmune# T# cells# from# entering# the# peripheral#
repertoire,# negative# selection# is# not# a# perfect# process# and# a# small# number#of# high#
affinity,#self6reactive#T#cells#enter#the#periphery.#(Taniguchi#et#al.,#2012).#
The#transcription#factor#AIRE#ensures#that#tissue6restricted#antigens#are#also#
expressed# in# the# thymus#within# resident#medullary# thymic# epithelial# cells# (mTECs)#
(Metzger#and#Anderson,#2011).#Aire6deficient#thymic#medullary#epithelial#cells#have#
reduced#levels#of#tissue#restricted#antigens#(TRAs)#on#their#surface,#which#in#humans#
is# known# to# induce# multi6organ# autoimmune# disease# (Anderson# et# al.,# 2002;#
Taniguchi#et#al.,#2012).#Since#mTECs#express#a#highly#diverse#set#of#genes# including#
many#tissue#restricted#antigens,#the#presentation#of#an# individual#antigen# is# limited#
on#the#mTEC#surface#(Anderson#et#al.,#2002;#Klein#et#al.,#2009;#Mathis#and#Benoist,#
2009).#In#addition,#individual#self6antigens#are#expressed#on#only#a#small#percentage#
of# mTECs.# Therefore,# self6reactive# T# cells# might# stochastically# escape# negative#
selection,#even#in#the#presence#of#functional#AIRE#(Gotter#et#al.,#2004).#
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A#high# frequency#of#self6reactive#T#cells# in# the#peripheral# repertoire#directly#
correlates#with# the# susceptibility# to#develop#autoimmune#disease.# Studies#with# SJL#
mice# showed# that# mice# with# high# frequencies# of# myelin6specific# T# cells# are# more#
susceptible# for# the# induction# of# EAE# compared# to# mice# with# lower# frequencies#
(Anderson# et# al.,# 2002).# Studies# where# viral# infection# induced# experimental#
autoimmune#diabetes#showed#that#a#precursor#frequency#of#≥#0.1%#of#self6reactive#




infected# P14# TCR# x# gp33# antigen# double# transgenic# mice# (Ohashi,# 1991).# In# gp33#
single# transgenic# mice# with# a# polyclonal# T# cell# repertoire,# cytotoxic# T# cells# (CTL)#
generated# during# the# immune# response# are# of# lower# affinity# compared# to#
nontransgenic#mice.#This#argues# that# in#mice#expressing# the#gp33#neo6self#antigen,#
self6reactive#T#cells#with#highest#affinity#for#the#neo6antigen#were#removed#from#the#
T# cell# repertoire# by# central# tolerance.#Nevertheless,# the# remaining# lower# affinity# T#
cells#were#capable#of# inducing#diabetes#upon#LCMV# infection.#Similar# findings#have#
been#reported# for# transgenic#mice#expressing# the#OT6I#TCR#β#chain,#which#have#an#
increased#frequency#of#OVA#reactive#T#cells#(Zehn#and#Bevan,#2006).#






foreign6antigen# can# share# structural# or# amino# acid# homology# with# a# host# derived#




How# the# affinity# for# activation# of# T# cells# relates# to# the# negative# selection#
threshold# is# not# fully# understood.# Recently,# King# et# al.# found# that# the# affinity#
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threshold# established# during# central# tolerance# is# maintained# in# periphery;# only#
supra6threshold#antigens#(above#the#threshold#for#negative#selection#in#the#thymus)#




short6lived# effector# T# cells.# This# study# shows# that# T# cell# activation# with# above6
threshold# ligands# induced# sustained# contact# with# antigen# presenting# cells# (APCs).#
High6affinity#interactions#promote#VLA64#expression#on#effector#T#cells#allowing#their#
infiltration# into# the# target# tissue.# In# contrast,# T# cells# with# below# threshold# affinity#
TCRs# are# efficiently# positively# selected# and# are# less# likely# to# cause# autoimmunity.#
Nevertheless,#low#affinity#T#cells#can#threaten#the#host#because#they#can#divide#and#
acquire# effector# functions# upon# recognition# of# below# threshold# antigen# in# an#
infectious#environment#(Zehn#et#al.,#2009b).#In#fact,#Enouz#et#al.#demonstrated#that#
weak# affinity# T# cells# are# indeed# able# to# mediate# autoimmunity# after# successive#
immunizations# with# recombinant# Listeria( monocytogenes# (Lm)# and# Vesicular#
stomatitis#virus#(VSV)#expressing#self6antigen#(Enouz#et#al.,#2012).#
Antigen#affinity#affects#important#parameters#related#to#the#development#of#
autoimmunity:# i)# the# efficiency# of# central# tolerance,# ii)# the# efficiency# of# T# cell#
priming,#and#iii)#the#efficiency#of#destroying#a#target#cell#expressing#the#self6antigen.#
In# this# study,# we# carried# out# experiments# to# examine# these# parameters#
separately# and# in# combination.# We# show# a# striking# threshold# effect# on# central#
deletion,#T#cell#priming#and#cytolysis#of#antigen#expressing#cells#in#the#target#tissue.#















In#RIP6OVA#mice,# the#transgenic#rat# insulin#promoter# (RIP)#drives#ovalbumin#
expression# on# β# cells# in# the# pancreas,# the# proximal# tubular# epithelial# cells# in# the#
kidneys,#and#in#medullary#epithelial#cells#in#the#thymus#(mTECs)#(Kurts#et#al.,#1997).#
To# extend# our# knowledge# of# how# self6antigen# affinity# affects# the# establishment# of#
central#tolerance,#we#generated#several#strains#of#RIP6variant#transgenic#mice,#which#
express#different#OVA#variants#spanning#the#affinity#threshold#between#positive#and#
negative# selection.# Three# novel# transgenic#mouse# lines,# expressing# the#membrane#
bound#OVA#variants,#Q4H7# (RIP6mQ4H7,#below#threshold),#T4# (RIP6mT4,# threshold)#
or#Q4R7#(RIP6mQ4R7,#above#threshold).#As#a#source#of#OVA#specific#T#cells,#we#used#
OT6I#TCR#transgenic,#Rag#KO#mice.##




of# all# crosses# showed#high#mortality#within# the# first# two#weeks#after#birth# (89%# in#
OT6I#x#RIP6mQ4H7;#100%#in#OT6I#x#RIP6mT4;#97%#in#OT6I#x#RIP6mQ4R7;#64%#in#OT6I#x#
RIP6OVA)# (Fig.1).# Blood# glucose# levels# of# newborn#mice# (264# day# after# birth)# were#
elevated# in# all# crossings# (OT6I# x#RIP6mQ4H7#22#mmol/l,#OT6I# x#RIP6mT4#29#mmol/l,#




RIP6OVA# variant# transgenic# mice# expressed# the# OVA# protein# in# the# β# cells# of# the#
corresponding# RIP6OVA# strains.# Considering# that# only# a# small# fraction# of# mTECs#

















Viral# and# bacterial# infections# have# been# used# to# initiate# experimental#
autoimmunity#(Asplin#et#al.,#1982;#Ohashi,#1991;#Zehn#et#al.,#2009a).#Epitopes#from#
pathogens# that# cross6react# with# self6antigens# can# trigger# auto6reactive# T# cells,# a#
phenomenon#known#as#molecular#mimicry#(Fujinami#and#Oldstone,#1989;#Guilherme#
et#al.,#2001).#Often,#the#pathogen6derived#antigen#has#a#higher#affinity#for#the#TCR#on#
a# self6reactive# T# cell# compared# to# the# self6antigen.# This# results# in# a# full# (i.e.# high#
affinity)# activation#of# the#weakly#auto6reactive#T# cells,#which# then#attack#host# cells#
expressing#the#lower#affinity#self6antigen.##
To# determine# whether# the# affinity# of# a# self6antigen# expressed# on# the#
pancreatic#β#cells# influences#the#ability#of#self6reactive#T#cells# to# induce#diabetes# in#
the#context#of#molecular#mimicry,#we#transferred#OT6I#T#cells# into#RIP6variant#mice#
expressing#below#threshold,# threshold,#or#above# threshold#OVA#variants.#Following#
adoptive# transfer,# the# various# RIP6strains# were# subsequently# infected# with#
recombinant# Lm# expressing# the# highest# affinity# OVA# epitope# (Lm6OVA).# Fig.# 2A#
shows# that# RIP6transgenic# mice# expressing# threshold6# (RIP6mT4)# and# above#
threshold6# OVA# variants# (RIP6mQ4R7,# RIP6OVA)# mice# developed# diabetes# when# as#
few#as#3x103#OT6I# T# cells#were# transferred.#This#was#not# the#case# in# the# transgenic#
strain#(RIP6mQ4H7)#expressing#the#below#threshold#variant#Q4H7;#adoptive#transfer#
of#as#many#as#3x105#OT6I#T#cells#did#not#result#in#glucosuria.#
Autoimmune#diseases# can# also# be# initiated# by# priming# auto6reactive# T# cells#
with#self6antigens.#In#this#case,#the#affinity#of#the#priming#antigen#is#identical#to#that#
of#the#target#antigen.# #To#test#the#ability#of#a#self6antigen#to#prime#OT6I#T#cells#and#
initiate# autoimmune# diabetes,# OT6I# T# cells# were# transferred# into# various# RIP6
transgenic# strains# followed# by# immunization# with# Lm# expressing# the# same# OVA#




OT6I)# in# mice# expressing# above# threshold# self6antigens# (RIP6OVA# and# RIP6mQ4R7)#
was#very#high#(100%,#9/9#and#73%,#8/11).#Mice#expressing#the#threshold#variant,#RIP6
mT4# required# 100# times# as# many# OT6I# T# cells# (3x105)# for# diabetes# induction.# In#
64"
contrast,# there# was# no# induction# of# diabetes# in# RIP6mQ4H7# mice# expressing# the#
below#threshold#OVA#variant.##
Diabetes# induction# was# not# the# result# of# Lm# infection# itself,# since# control#
groups# receiving# Lm# but# no# OT6I# T# cells# were# free# of# diabetes,# throughout# all#
transgenic#mouse#lines#(data#not#shown).#Additionally,#previous#studies#showed#that#
the# induction# of# diabetes# is# antigen6specific# because# infection# with# empty# Lm#
(without#OVA#protein)# did# not# induce#diabetes# in# RIP6OVA#mice# (data# not# shown).#












Figure& 2.& Threshold& and& below& threshold& T& cells& comprise& a& low& risk& for&
autoimmunity.&(A)" Immunization" with" high" affinity" OVA" protein" expressed" in" Listeria+
monocytogenes."Urine" glucose" was" monitored" in" RIPUOVA" and" RIPUOVA" variant" mice"injected"with" the" indicated" number" of" OTUI" T" cells" followed" by" infection"with"Listeria+




The# high# mortality# in# the# breeding# of# double# transgenic# mice# made# it#
impossible# to# examine# the# effect# of# affinity# on# deletion# of# OT6I# T# cells# in# detail.#
Therefore,#we#generated#mixed#bone#marrow#(BM)#chimeras,#in#which#a#mixture#of#
B6# BM# (70%)# and# OT6I# Rg# KO# BM# (30%)# was# injected# into# previously# irradiated#
transgenic#RIP6variant#hosts# (Fig.# 3A).#Additionally,# irradiated#B6#mice# received# the#
same# BM# mixture# as# a# positive# control,# where# OT6I# T# cells# could# develop# in# the#
absence# of# negative# selection.# Using# non6lymphoid# cells# as# a# readout,# all# chimeric#
mice# were# similarly# reconstituted# with# OT6I# bone# marrow# (21633%)# (Fig.# S2).# As#
readout#for#negative#selection,#we#assessed#the#frequency#(Fig.#3B)#and#number#(Fig.#




selection.# Clonal# deletion# of# OT6I# T# cells# was# not# observed# in# RIP6mQ4H7# (below#
threshold)#or#RIP6mT4# (threshold)#hosts# (Fig.#3B,#C);# in# fact# these#strains#contained#
slightly# increased#numbers#of#OT6Is#compared#to#B6#hosts#(Fig.#3C).# In#contrast,#the#
efficiency# of# clonal# deletion# was# 91%# in# RIP6mQ4R7# (above# threshold)# hosts# and#
>99%# efficient# in# RIP6OVA# (highest# affinity)# hosts# (Fig.# 3D).# Taken# together,# these#






Figure& 3." Efficiency& of& OTII& deletion& in& OTII/B6& mixed& bone& marrow& chimeras&
expressing&OVA&variant&proteins&is&dependent&on&antigen&affinity.&
(AID)"Lethally"irradiated"RIPUOVA"or"RIPUOVA"variant"or"B6"mice"were"injected"with"a"7:3"mixture"of"B6"(CD45.1)"and"OTUI"(coUexpressing"CD45.1"and"CD45.2)"bone"marrow."Flow" cytometric" analysis" of" lymphocytes" was" performed" 12U15" weeks" after"reconstitution."Lymph"node" (LN)"cells"were"stained"with"mAbs,"CD45.1"and"CD45.2" to"identify" OTUI" derived" donor" (CD45.1/CD45.2)," B6" derived" donor" (CD45.1)," remaining"host" cells" (CD45.2)." In" addition," LN" cells" were" stained" with" αUCD3" (BD)," αUCD8"(eBioscience)," αUCD8" (Biolegend)" and" KbUOVA" tetramers" to" confirm" identity" of" OTUI" T"cells."
(A)"Representative"flow"Ucytometry"plots"of"OTUI/B6WT"mixed"bone"marrow"chimeras"are"shown."Data"show"the" increasing"efficiency"of"deletion"with" increasing"selfUantigen"affinity" for"the"OTUI"TCR." &(B& and&C)"OTUI"T"cells"encountering"supraUthreshold" ligands"during" thymic" selection" are" more" completely" depleted" than" T" cells" encountering"threshold"or"subUthreshold" ligands."*" indicates"pooled"result"of"RIPUsOVA"(0.3%,"9537,"n=" 4)" and" RIPUmOVA" (0.1%," 5156," n=" 3)"Data" show" the" percentage" (B)" and" absolute"numbers"(C)"of"OTUI"T"cells"within"the"CD8"T"cell"compartment."The"horizontal"bars"in"B"and" C" represent" the" geometric" mean" value" of" the" individual" data" points." *" indicates"pooled" results" of" RIPUsOVA" (0.3%," 9537," n=" 4)" and" RIPUmOVA" (0.1%," 5156," n=" 3)."Results"shown"are"collected"from"6"independent"experiments."





is# fairly# efficient,# it# fails# to# eliminate# all# self6reactive# OT6I# T# cells# (Fig.# 3C).# We#
wondered#whether#OT6I#T#cells#escaping#negative#selection#in#mice#expressing#above#
threshold#self6antigens#(RIP6mQ4R7#and#RIP6OVA),#are#phenotypically#different#from#
OT6I# T# cells# that# developed# in# mice# expressing# below# threshold# self6antigens.# An#
elevated# expression# of# CD44# was# observed# only# in# RIP6OVA# hosts# (Fig.# 4A).# In#
addition,#OT6I#T#cells#surviving#negative#selection#in#RIP6OVA#chimeras#had#a#slightly#
elevated# expression# of# CD122# (Fig.# 4# A,# B).# Using# CD44,# and# CD62L# expression# to#
define#OT6I#subpopulations#with#effector#and#central#memory#phenotypes,#we#found#
that# an# increase# in# the#percentage#of# these# two#populations#was#only#observed# in#
OT6I# T# cells# maturing# through# the# highest# affinity# RIP6OVA# hosts# (Fig.# 4A;# 4B# top#
panels).# The# increase# of# these# two# memory# populations# was# not# correlated# with#
negative# selection# per# se,# since# negatively# selecting# RIP6mQ4R7# hosts# did# not#
support#an#increase#in#their#frequency.###
Recently,# Tsai# et# al.# demonstrated# that# low6affinity,# antigen6specific# CD8+#
CD44+# CD122+# T# cells# with# suppressive# properties# could# be# expanded# upon#
immunization#of#mice#with#self6antigen#coupled#to#nano6particles#(Tsai#et#al.,#2010).#
We# wondered# whether# this# population# could# also# develop# as# a# consequence# of#
negative#selection.#Since#CD8+#CD44+#CD122+#OT6I#T#cells#were#present#in#all#chimeric#







The#CD8αα# co6receptor# does# not# efficiently# pair#with# the# TCR,# allowing# for# a# poor#
transduction#of#negative#selecting#signals#(Arcaro#et#al.,#2001;#Cawthon#et#al.,#2001).#
This#generates#thymocytes,#which#bypass#apoptosis#and#emigrate#to#the#periphery.#
However,# CD8αα# are# poor# effectors# given# the# weaker# function# of# the# CD8αα# co6
receptor.# To# confirm# whether# the# presence# of# peripheral# CD8αα# OT6I# T# cells#
69"
correlated#with#self6antigen#affinity#and#negative#selection,# these#populations#were#
identified# by# flow# cytometry# in# the# various# chimeric# strains# (Fig.# 4C).# Indeed,#









Figure& 4." Phenotypic& characterization& of& OTII& T& cells& in& mixed& bone& marrow&
chimeras.&&
(AID)&OTUI" T" cells" escaping" negative" selection" in" various" bone"marrow" chimeric"mice"were"phenotypically"characterized.&(AIB)"Generation"of"effector"and"memory"T"cells" in"bone"marrow" chimeras."Lymphocytes" from" bone"marrow" chimeras"were" stained"with"mAb"specific"for"CD44,"CD62L"and"CD122."Representative"flowUcytometry"plots"of"lymph"node" cells" from" bone" marrow" chimeras" are" shown." Numbers" in" the" plots" depict"frequency"(%)"of"cells"in"each"quadrant."(A)"Expression"of"CD44,"CD62L"and"CD122"on"OTUI"T"cells"in"various"RIPUOVAUvariant"bone"marrow"chimeras."Representative" expression" levels" of" bone" marrow" chimeras" are" shown." Colored" line"represents" the"surface"expression"of"CD44,"CD62L,"or"CD122"on"OTUI"T"cells"while" the"black"line"represents"the"level"of"expression"by"polyclonal"B6"donor"CD8"T"cells.""






diabetes.# To# examine# the# robustness# of# self6tolerance# in# these# animals,# we#
challenged#each#chimeric#strain#by#immunization#with#the#identical#self6peptide#+#LPS#
(Fig.# 5).# This# experimental# setup# allowed# us# to# assess# the# risk# of# developing#
autoimmune#diabetes#when#challenged#with#the#same#self6antigen#used#to#establish#




in# these# animals# (Fig.# 3C).#On# the#other# hand,# 100%# (8/8)#OT6I/B6#BM#→#RIP6mT4#
chimeric#mice#immunized#with#the#threshold#peptide,#T4#+#LPS#developed#a#transient#
glucosuria#(Fig.#5A)#that#resolved#in#50%#of#these#animals#(compare#gray#symbols#in#










for# the# difference# in# diabetes# susceptibility# between# RIP6mQ4R7# and# RIP6OVA#
chimeras,#the#CD4+FoxP3+#compartment#(derived#from#B6#donor#BM)#was#identified#
in#all#chimeric#mice#by#flow#cytometry.##All#chimeric#strains#regardless#of#the#affinity#
of# their#OVA# variant# self6antigen,# contained# a# similar# frequency# (12618%,# data# not#
shown)#of#CD4+FoxP3+#regulatory#T#cells.#This#was#expected#since#the#only#difference#
between#the#RIP#strains# is#a#MHC#class# I#presented#epitope.#This# indicated#that#the#
frequency#of#Tregs#cannot#explain#the#dramatic#differences#between#the#propensity#
72"





Figure& 5." Potential& for& autoimmunity& occurs& at& or& slightly& above& the& affinity&
threshold&for&central&tolerance.""





Based# on# these# results,# we# plotted# self6antigen# affinity# vs.# the# number# of#




and#a#wide# range#of# self6reactive#peripheral#T# cells#was#extrapolated#based#on# the#
following# assumptions.# Since# the# risk# of# developing# diabetes# in# the# RIP6mQ4H7#
chimeras# is# close# to# zero,# we# assumed# that# a# chimeric# mouse# expressing# a# self6
antigen# of# lower# affinity# compared# to# Q4H7# or# containing# lower# numbers# of#
peripheral# OT6I# T# cells# would# also# carry# a# very# low# risk# (~# 0%)# of# developing# this#
autoimmune#disease.#Accordingly,#the#sectors#of#the#graph#labeled#with#a#1#are#blue#
to# indicate# a# very# low# risk.#Mice# expressing# a# self6antigen# at# the# affinity# threshold#
have# an# intermediate# (~# 50%)# risk# (coded# in# yellow,# sector# 2)# of# developing# lethal#
autoimmunity#but#only#if#they#contain#large#numbers#(~#2x106)#of#OT6Is#(Figs.#2B,#5);#
therefore,#we#assume#that#mice#carrying#smaller#numbers#of#threshold#affinity#T#cells#
will# have# a# correspondingly# low# (~# 0%)# risk# of# developing# autoimmunity# (sectors#
labeled#3).##
In# contrast,# the# risk# of# developing# diabetes# is# very# high# (~90%)# in# RIP6mQ4R7#
chimeras,#which#express#the#above#threshold#antigen,#Q4R7#and#contain#~#105#OT6Is.#
For# this# reason,#we#assumed# that# chimeric#mice#expressing#an#even#higher#affinity#
self6antigen#and#containing#≥#105#OT6Is#would#also#have#a#very#high# (≥#90%)#risk#of#
developing# this# form# of# autoimmunity.# Accordingly,# we# coded# the# sector# 4# of# the#
graph# in# red.# Finally,# RIP6OVA# chimeras# containing# only# 5x103# OT6I# T# cells# remain#
tolerant#to#a#challenge#with#OVA#+#LPS.#Since#their#risk#of#developing#autoimmunity#
is# very# low,#we# assumed# that# chimeric#mice# containing# as# few# as# 5x103#OT6Is# and#
expressing#a#lower#affinity#self6antigen#would#also#have#a#very#low#risk#of#developing#
autoimmune#diabetes.#For# this# reason,#we#colored#sector#5#of# the#graph# in#blue#to#
indicate#a#very#low#risk.##
Finally#in#Fig.#6C,#the#hypothetical#plot#in#Fig.#6B#has#been#corrected#for#the#effects#
of# central# tolerance.# Since# above# threshold# self6antigens# prevent#most# but# not# all#
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cells# have# sufficient# affinity# to# induce# autoimmune# diabetes# in# this#model# system#
(King# et# al.,# 2012).# At# higher# TCR# affinities,# negative# selection# is# increasingly#











(A)" The" results" from" the"bone"marrow"chimeras" in"Fig." 5" are"plotted" (selfUantigen"affinity"vs."number"of"peripheral"OTUIs)."The"negative"selection"affinity"threshold" is"indicated" by" an" arrow." The" risk" of" developing" diabetes" following" peptide" +" LPS"immunization"is"indicated"for"each"chimeric"strain"by"a"color"code"(blue:"~"0%"risk;"yellow:"~"50%"risk;"red:"~"90%"risk)."
(B)" The" data" in" A" have" been" extrapolated." Chimeric"mice" expressing" OVA" variant"antigens"with"an"affinity"≤"KbUQ4H7"or"carrying"fewer"OTUI"T"cells"than"RIPUmQ4H7"chimeras"(sectors"1)"would"most"likely"have"a"low"risk"of"developing"autoimmunity"in"this"model."Chimeric"mice"expressing"a"threshold"affinity"OVA"variant"antigen"are"at"moderate"risk" if" they"contain" large"numbers"of"OTUI"T"cells"(sector"2),"but"are"at"low" risk" with" lower" numbers" of" OTUIs" (sectors" 3)." Chimeric"mice" expressing" OVA"variant"antigens"with"an"affinity"≥"KbUQ4R7"or"carrying"more"OTUI"T"cells"than"RIPUmQ4R7" chimeras" (sector" 4)" are" predicted" to" have" a" high" risk" of" developing"autoimmunity." Finally," chimeric" mice" expressing" OVA" variant" antigens" with" an"affinity"≤"KbUOVA"and"carrying"fewer"OTUI"T"cells"than"RIPUOVA"chimeras"(sector"5)"are"predicted"to"be"at"low"risk"for"autoimmunity."







Discussion! ! ! ! ! ! ! !
#
Most# autoreactive# T# cells# are# depleted# from# the# T# cell# repertoire# (Klein# et# al.,#
2009;#Stritesky#et#al.,#2012;#Zehn#and#Bevan,#2006).#Nevertheless,#some#self6reactive#









transgenic#mice# develop# diabetes,# indicating# expression# of# the# neo6self# antigen# in#
the#pancreas.# In#double#transgenic#mice#expressing#Q4H7,#T4#or#Q4R7#variants,#the#
incidence# in#diabetes# is# between#89%#and#100%,# suggesting# that# central# tolerance#




progeny# to# survive.# These# results# are# consistent#with#observations#of#Hubert#et# al.#
They# found# 88%# of# RIP6mOVA# x# OT6I# double# transgenic# mice# to# develop# severe#
diabetes# (Hubert# et# al.,# 2011).# Similarly,# McGargill# et# al.# found# that# 80%# of# K146
OVAp/OT6I#double#transgenic#mice,#where#ovalbumin# is#expressed#under#control#of#
the# Keratin# promoter# 14,# succumb# to# a# lethal# autoimmune# disease# due# to#
insufficient# deletion#of# developing#OT6I# cells# (McGargill# et# al.,# 2002).#Nevertheless,#
20%#of#these#animals#survived.##
Based#on#how#few#mTECs#express#any#tissue6restricted#antigen#(Anderson#et#al.,#
2002;# Derbinski# et# al.,# 2001;# Liston# et# al.,# 2004),# it# is# not# surprising# that# the#
unphysiologically# high# numbers# of# developing# self6reactive# OT6I# thymocytes# are#
insufficiently#deleted#in#these#double#transgenic#animals.##
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We# were# somewhat# surprised# to# observe# diabetes# in# double# transgenic# animals#
expressing# the# below# threshold# antigen#Q4H7,# since# previous# studies# showed# this#
antigen# induces# positive# selection# of# OT6I# thymocytes# (Daniels# et# al.,# 2006).#

















activates# the# innate# immune# system,# stimulates# CD4# T# cell# help# and# evokes# the#
release#of#inflammatory#cytokines#(Pope#et#al.,#2001).#Although#the#transferred#OT6Is#
were# fully# activated# following# Lm6OVA# infection,# RIP6mQ4H7#mice,# expressing# the#
below#threshold#Q4H7#antigen,#did#not#develop#diabetes,#indicating#that#host#tissues#
expressing#a#below#threshold#self6antigen#are#difficult#to#damage.#All#other#RIP6OVA#





host’s# own# peripheral# T# cells# by# its’# own# self6antigens# under# conditions# of#
inflammation.# If# the# host# were# to# experience# an# infection# of# a# peripheral# organ,#
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inflammation# would# generate# tissue# damage# resulting# in# the# release# and#
presentation# of# self6tissue# antigens.# These# conditions# might# be# able# to# induce# a#
pathogenic#T#cell#response#from#a#tolerant#T#cell#repertoire,#i.e.#a#repertoire#that#had#
survived# negative# selection.# To# address# the# role# of# antigen# affinity# in# this# context,#
RIP6OVA#and#RIP6OVA#variant#mice#were#adoptively# transferred#with#OT6I# cells#and#
infected# with# Lm# expressing# the# same# OVA# variant# expressed# by# the# self6antigen#






cells#provide#a# relatively# low# risk# for# the# induction#of#autoimmune#diabetes# in# this#
model.##
The# risk# of# developing# autoimmunity# also# relies# on# the# efficiency# of# negative#
selection.# Many# early# studies# examining# tolerance# to# very# high# affinity# neo6self#
antigens#give#limited#insight#into#tolerance#to#intermediate#and#low#affinity#antigens#
(Kirberg# et# al.,# 1994;# Kisielow# et# al.,# 1988;# Kurts# et# al.,# 1998;# Ohashi,# 1991;# von#
Herrath# et# al.,# 1994).#More# recent# studies# indicate# that# tolerance# to# intermediate#
and#low#affinity#antigens#is#inefficient#(Enouz#et#al.,#2012;#Zehn#and#Bevan,#2006).#To#
address#this# issue#in#a#more#quantitative#manner,#we#generated#mixed#OT6I/B6#BM#
→# RIP6OVA# variant# mice# (Fig.# 3).# Our# results# (Fig.# 3# B6D)# indicate# that# hosts#
expressing# below# threshold6# or# threshold6# affinity# antigens# in# radiation# resistant#
thymic# epithelial# cells# do# not# induce# negative# selection# in( vivo,# while# hosts#
expressing# above# threshold# are# highly# efficient# in# preventing# OT6I# T# cells# from#
entering#the#periphery#(RIP6mQ4R7,#91%#efficient;#RIP6mOVA#>#99.5%#efficient;#RIP6
sOVA# ># 99.4%# efficient).# This# confirms# our# previous# observations# based# on# fetal#
thymic#organ#cultures#(FTOCs)#(Daniels#et#al.,#2006)#emphasizing#that#at#the#negative#
selection#threshold,#a#very#small#(<#2#fold)#increase#in#TCR#affinity#leads#to#a#striking#
increase# in# negative# selection# (Kb6T4# –# 0%# negative# selection# →# Kb6Q4R7# –# 91%#







avidity;# the# actual#OT63# affinity# for# Kb6OVA#might# vary.# # In# fact,# some#experiments#





Singer,# 2002;# Smith6Garvin# et# al.,# 2010)# and# in# this# context,# we# examined# the#
phenotype#of#peripheral#OT6I#T#cells#in#chimeric#RIP6mOVA#variant#mice.#Relative#to#
chimeras# made# in# B6# hosts,# the# frequency# of# CD8αα# OT6Is# increased# in# chimeras#
expressing# above# threshold# antigens# (Fig# 4C).# This# is# likely# a# result# of# agonist#




In# addition,# some# peripheral# OT6Is# in# these# bone#marrow# chimeras# have# a# central#
memory#(CD44hi,#CD62Lhi)#or#an#effector#memory#(CD44hi,#CD62Llo)#phenotype#(Fig.#4#
A,B).# The# proportion# (%)# of# these# cells# was# clearly# increased# in# chimeric# mice#
expressing# the# highest# affinity# ligand,# OVA# (Fig.# 4B).# We# also# determined# the#
frequency#of#CD8+CD44hiCD122hi#cells#among#peripheral#OT6Is,#since#this#cell#type#has#
been#reported#to#have#suppressive#activity,#preventing#the#development#of#diabetes#





strains# (Fig# 3# C).# From# these# data,# it# is# difficult# to# determine# the# role# of#
CD8+CD44hiCD122hi#OT6Is# in#maintaining# T# cell# tolerance# in# this# particular#model# of#
diabetes.#
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To# determine# the# extent# of# self6tolerance# in# these# chimeric# mice,# various#
chimeras#were# immunized#with# the# same# peptide# +# LPS# that# they# express# in( vivo.#
This# particular# experimental# design# allowed# us# test# the# combined# effect# of# self6
antigen#affinity#on#the#efficiencies#of#negative#selection,#T#cell#priming#and#target#cell#








highest# affinity# RIP6mOVA# chimeras# are# likely# protected# from# developing# diabetes#
due#to#extremely#efficient#negative#selection#(Fig.#3).#The# largest#risk#of#developing#
autoimmune#diabetes#in#this#model#is#near#the#negative#selection#affinity#threshold.#
In# this# narrow# range#of# TCR# affinities,# negative# selection# is# leaky# and# the# escaping#
peripheral# T# cells# can# be# sufficiently# activated# by# their# self6antigen# to# induce#
autoimmune#pathology.#
Based# on# these# results,# the# risk# of# developing# autoimmune# diabetes# clearly#
depends# on# self6antigen# affinity,# which# affects# several# important# parameters:#




6B,#we# extrapolated# the# risk# of# developing# autoimmune# diabetes# to# cover# a#wide#
range#of#antigen#affinities#and#numbers#of#peripheral#OT6I#T#cells,#but# intentionally#
left#out# the#effect#of#negative# selection.# (See#Results# for#a#detailed#description).# In#
Fig.#6C,#the#effect#of#negative#selection#is#included.#The#net#effect#of#clonal#deletion#is#
to# prevent# high# affinity# T# cells# from# entering# the# periphery# (sector# 6# labeled# in#
white);#if#the#number#of#high#affinity#T#cells#is#sufficiently#low,#then#the#individual#is#
at# low#risk#for#autoimmune#diabetes.#The#weakness# in#the#system#is# just#above#the#
affinity#threshold.#At#this#affinity,#negative#selection#is#incomplete,#but#the#escaping#
81"
T#cells#are# sufficient# in#number#and#affinity# to# induce#autoimmune#diabetes# in# this#
experimental# model# (King# et# al.,# 2012).# We# propose# that# the# most# ‘dangerous’#
fraction# of# the# peripheral# T# cell# repertoire# has# an# affinity# for# self6antigens# slightly#
above#the#negative#selection#affinity.##





agents# expressing# the# self6antigen.# With# higher# numbers# of# transferred# OT63s,# a#
below#threshold#antigen#induced#experimental#diabetes.#We#agree#with#the#findings#
of# Enouz# et# al.# that# under# some# conditions,# below# threshold# affinity# antigens# can#
induce#autoimmune#diabetes.#Our# study#makes# the#additional#but# important#point#
that# it# is# much# more# difficult# to# induce# autoimmune# pathology# using# a# below#
threshold#affinity#antigen#compared#to#an#above#threshold#affinity#antigen#(Figs#2,#5;#
Ref.#21)#
The# frequency# of# diabetes# observed# in# RIP6mT4# and# RIP6mQ4R7# chimeras# is#
extremely# high# (50%# and# 86%,# respectively).# This# is# likely# due# to# the# fact# that#
chimeras#were#reconstituted#with#a#large#fraction#(30%)#of#bone#marrow#stem#cells#
derived# from# OT6I# Rag# KO# mice,# generating# a# high# precursor# frequency# of# self6
reactive# thymocytes# in# these#animals.# The# frequency#of#OT6I# like# cells# present# in# a#
polyclonal#B6#mouse#is#on#the#order#of#several#hundred#cells#(Moon#et#al.,#2011)#and#
this# number# is# reduced# as# a# consequence#of# negative# selection# in#mice# expressing#
OVA#or#OVA#variant#antigens.#Given# the# low#precursor# frequency#of# self6reactive#T#
cells#specific# for#a#single#self6antigen# in#polyclonal#mice,# these#animals#would# likely#









Ref.# 23).# This#minimal# number# of# self6reactive# T# cells#might# be# determined# by# the#
type#of#immunization#or#by#the#chronicity#of#self6antigen#exposure.#Nevertheless,#an#
individual#can#probably#cope#with#a#small#number#of#high#affinity,#peripheral#T#cells#
and# still# be# considered# functionally# tolerant,# i.e.# having# a# low# risk# of# developing#
autoimmunity.# This# would# allow# negative# selection# to# be# less# than# perfect,# which#
seems# to#be# the# case# (Moon#et# al.,# 2011).# This# is# consistent#with# recent#modeling#
studies# (Butler# et# al.,# 2013)# which# propose# that# an# immune# or# an# autoimmune#
response#requires#a#minimum#number#(quorum)#of#T#cells.#
Finally,# our# study# highlights# the# importance# of# the# affinity# threshold# in#
















Generation! of! OVA! variant! transgenic! mice.# The# vector# carrying# the# construct#
containing# OVA# (SIINFEKL)# and# human# transferrin# receptor# (Tfr)# was# previously#
described#(Gleeson,#J.#Biol.#Chem.,#1992)#(Teasdale#et#al.,#1992).#In#brief,#the#cDNA#of#
Transferrin6Receptor6OVA# protein# (TfR6OVA)# construct# was# cloned# into# the# pBlue#
Vector# (provided# by# A.# Gleeson).# Site# directed#mutagenesis# was# used# to# generate#
RIP6mQ4H7#(SIIQFEHL),#RIP6mT4#(SIITFEKL),#and#RIP6Q4R7#(SIIQFERL)#cDNAs.#Similar#
to# the#RIP6mOVA# construct# a# 3.2# kB# fragment#was# injected# into# the# pronucleus# of#
fertilized#C57BL/6#zygotes#and#transplanted#into#NMRI#foster#mothers.#Founder#mice#
were#obtained#and#several#founders#were#backcrossed#to#C57BL/6#mice.#
Double# transgenic# mice# were# generated# by# crossing# homozygous# OT6I# with#
homozygous# OVA# or# OVA# variant# transgenic# mice.# # We# assed# the# mortality# by#
comparing# the#number#of# F1#pubs#born# and# the#number#of# F1#pubs# surviving# two#
weeks#after#birth.#
All# animal# work# was# done# in# accordance# with# the# Federal# and# Cantonal# laws# of#
Switzerland.#
#
Generation! of! bone!marrow! chimeric!mice.#Recipient#mice# (CD45.2)#were# lethally#
irradiated#with#900#rad#(GammaCell,#Best#Theratronics,#CA).#Bone#marrow#cells#were#
isolated# from# femurs# and# tibiae# from# 568# week# old# B6# (CD45.1)# and# OT6I# Rg# KO#
(CD45.1/2)# mice.# After# red# blood# cell# lysis# (RBC# lysis# Buffer,# BioLegend),# bone#
marrow#cells#were#filtered#(706μm#cell#strainer,#BD).#To#deplete#mature#T#cells,#bone#
marrow# cells# were# stained#with# anti6CD4,# anti6CD8,# anti6Thy1.1,# anti6Thy1.2# (were#
obtained# from# hybridoma# supernatants,# kindly# provided# by# K.Hafen# and# G.#
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Holländer)# followed# by# incubation# with# complement# (Low6Tox6M# Rabbit#
Complement,#Cedarlane,#CA)#at#37°C#for#45#minutes.#This#step#was#repeated#for#OT6I#
bone#marrow#cells,#using#anti6CD8#antibody#only.#A#70%#:#30%#mixture#of#B6#and#OT6I#
Rag# KO# bone# marrow# cells# (3.5# x# 106# total# cells)# were# injected# into# irradiated#
recipient#mice.#Mice# were# treated#with# antibiotics# (Nopil,#Mepha# Pharma# AG)# for#
approximately# 10# wk# after# irradiation.# The# congenic# markers# CD45.1# and# CD45.2#
were#used#to#identify#the#T#cells#after#the#reconstitution.##
#
Purification! of! T! cells! and! adoptive! cell! transfer.# Lymphnode# suspensions# were#
obtained#by#disrupting#lymph#nodes#through#a#706μm#nylon#cell#strainer#(BD).#Single#










Urine! and! blood! glucose! measurements.# Urine# glucose# was# assessed# with# test#
stripes# from# ACCU6CHEK# (DIABUR6TEST# 5000,# ACCU6CHEK).# Mice# with# sustained#
urine#glucose#levels#>1000#mg/dl#were#considered#diabetic.#Blood#samples#from#the#




Kb6OVA# (SIINFEKL)# tetramers#were#produced#as#previously#described# (Cebecauer#et#
al.,#2005;#Daniels#et#al.,#2006).#Unspecific#Fc#receptor#blocking#was#performed#using#
purified#CD16/32#antibody#(BD)#for#10#min#at#0°C#in#PBS#supplemented#with#3%#FCS#
(FACS# buffer).# After# that,# cells# were# washed# and# Kb6OVA# tetramer# staining# was#
performed#at#0°C# in#FACS#buffer.#After#60#min,# surface# staining#was#performed# (in#
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the# presence# of# tetramer)# for# 30# min# at# 4°C# in# FACS# buffer# with# the# following#




Data! analyses.# Flow#cytometry#measurements#were#performed#on#a#FACS#Canto# II#
(BD)#machine#and#the#data#were#analyzed#with#FlowJo#software#(Tree#Star).#Graphs#
were# generated# with# Prism# (GraphPad# Software).# The# horizontal# line# represents#






































































































































































































Fig. S1. OVA and OVA variant constructs
The vector carrying the construct containing OVA (SIINFEKL) and human 
transferrin receptor (Tfr) was previously described (Gleeson, J. Biol. Chem., 
1992) (Teasdale, D'Agostaro et al. 1992). In brief, the cDNA of Transferrin-
Receptor-OVA protein (TfR-OVA) construct was inserted cloned into the 
pBlue Vector (provided by A. Gl esonurchased from the laboratory of 
Gleeson). just before the Hind III site. Site directed mutagenesis was Th ee 
different variants of the short region within the OVA cDNA were used to 
generate RIP- Q4H7 (SIIQFEHL), RIP-mT4 (SIITFEKL), and RIP-Q4R7 
(SIIQFERL) cDNAsrespectively. This was achieved by digesting the vector 
at the restriction sites Apa I, Not I and Pvu I, allowing a reliable purification 
of theSimilar to the RIP-mOVA construct a 3.2 kB Apa I, Not I fragment 
containing the TfR-OVA or OVA variant mutation aimed for injection. The 3.2 
kB fragment was injected into the pronucleus of fertilized C57BL/6 zygotes 
and transplanted into NMRI foster mothers. Founder mice were obtained 





















Fig. S2: Reconstitution by OT-I bone marrow.  A 70  : 30% mixture 
of B6 and OT-I Rag KO bone marrow cells (3.5 x 106 total cells) were 
injected into irradiated recipient mice. The congenic markers CD45.1 
and CD45.2 were used to identify the T cells after the reconstitution 
transfer. Reconstitution by OT-I bone marrow was assed by CD45.1 + 











Figure& 1." Tissue& destruction& after& immunization& with& suprathreshold& peptide&
ligands."
(AIB)" Mice" received" 5x106" OTUI" T" cells" followed" by" immunization" with" indicated"peptide/LPS."
























Figure&3." Incidence&of& Lethal&Autoimmune&Diabetes& in&OVA&protein& variants& and&










Figure& 4.& Threshold& and& below& threshold& T& cells& comprise& a& low& risk& for&








Figure& 5& :& Efficiency& of& OTII& deletion& in& OTII/B6& mixed& bone& marrow& chimeras&













how# to# address# the# small# precursor# frequency# of# self6reactive# T# cells# before# the#















negative# selection# threshold.# Nevertheless,# upon# immunization# with# the# same#
above6threshold# self6peptide,# 100%# of# these#mice# become# diabetic.# In# contrast,# T#
cells#that#encounter#below#threshold#ligand#in#the#thymus#do#not#undergo#negative#
selection.# This# finding# goes# in# line#with# fetal# thymic# organ# cultures# demonstrating#
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that# below# threshold# ligands# induced# positive# selection# in# double# positive#
thymocytes,#whereas#above#threshold#ligands#induced#negative#selection#(Daniels#et#
al.,# 2006;# Naeher# et# al.,# 2007).# Despite# the# high# number# of# T# cells# present# in# the#
periphery#of#these#mice,# immunization#with#below#threshold# ligand#does#not#result#












It# would# be# interesting# to# assess# in# future# experiments# if# there# is# a# functional#
difference# in# OT6I# T# cells# that# undergo# selection# in# the# presence# of# high6affinity#
compared# to# low6affinity# antigen.# To# address# this,# RIP6variant#mice# expressing# the#
below#threshold#ligand#(RIP6Q4H7)#could#be#immunized#with#Lm6OVA.#An#alternative#
approach# would# be# to# sort# out# OT6I# T# cells# from# secondary# lymphoid# organs# of#
chimeric#mice#and#to# transfer# them# into#new#hosts# (RIP6OVA),# followed#by#priming#
with#Lm6OVA.#





How# these# circumstances# contribute# to# the# breakdown# of# tolerance# needs# to# be#
further#evaluated.#For#example,#how#do#CD4#T#cells#contribute#to#diabetes# in#these#





expresses# the#above# threshold#antigen#Q4R7#and#developed# spontaneous#diabetes#
without#immunization.#Compared#to#the#other#founder#(R7Q1)#negative#selection#of#
OT6I#T#cells# in#chimeras#was#a#little# less#efficient#(Results#part#III,#Fig.5).# It#would#be#
interesting# to# know# how# spontaneous# autoimmune# diabetes# is# induced# in# these#
mice.#
In#conclusion,#affinity#plays#an#important#role#in#central#and#peripheral#tolerance.#
Future# therapies# should# be# directed# against# self6reactive# T# cells#with# an# affinity# at#
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